A system of versatile insertion plasmids was constructed that permits efficient delivery of the target sites of an ultra-rare-cutting endonuclease and the recombinase FLP into preselected sites of the bacterial genome. With the help of this system, the pathogenicity island LEE of the Escherichia coli O157:H7 genome was excised and isolated in vitro, deleted in vivo, rescued as a plasmid, and transferred into another strain.
Characterization and manipulation of bacterial genomes can be facilitated by creating genomic insertions with ultrarare restriction sites and recognition sites for specific recombinases. These insertions can serve as "landmarks" in physical mapping and strain comparisons (12) , allow direct isolation of preselected chromosomal segments for sequencing (2, 11, 14) , provide a means for obtaining precise genomic deletions, and permit plasmid rescue of a genomic segment. Suicide plasmids are appropriate vehicles for delivery of such insertions into the chromosome (7) . However, efficient introduction of plasmids into the target cell is frequently hindered by restriction, methylation sensitivity, plasmid incompatibility, and other factors.
We constructed two sets of small, suicidal insertion plasmids that combine several useful features: rare and ultrarare restriction sites (NotI and I-SceI), the target site (FRT) for the recombinase FLP, the T7 and SP6 phage promoters, a choice of three antibiotic resistance genes (ampicillin [Ap] , kanamycin [Kn] , and chloramphenicol [Cm] , and either of two conditional replication systems (R6K or pSC101 ts ). The plasmids can be recombined by a single crossover into preselected sites of the genome with the aid of DNA fragments that are cloned into them and are homologous to the targeted sites. Such homologous fragments can be obtained by PCR with available sequence information from the target cell or from related organisms. The two sets of suicide plasmids permit two insertions to be obtained sequentially in the same genome. The genomic segment flanked by these insertions can then be excised by I-SceI in vitro and can be isolated directly from a pulsed-field gel. In vivo deletion or inversion of the segment, depending on the relative orientation of the FRT sites, can also be achieved by expressing FLP from a helper plasmid. Since FLP-mediated deletion is a very effective process, no direct selection of the clone carrying the deletion is necessary. In addition, the chromosomal segment, excised and circularized by FLP, can be isolated as a plasmid and transformed into another host, where it can be either maintained as a plasmid or inserted into the genome.
The insertion plasmids are introduced into the target cell by electroporation. If the transformation efficiency is sufficiently high and a large number of transformants can be obtained, the plasmids are used in "direct suicide" (nonreplicating) mode, and recombinants are selected by their antibiotic resistance. In strains that are difficult to transform, the plasmids are used in "conditional suicide" mode (6) . In this approach it is enough to obtain a few transformants in which the plasmid becomes established (e.g., by escaping restriction until becoming methylated). These cells are then temporarily grown at a permissive temperature allowing plasmid replication. When a sufficient number of cells carrying the suicide plasmids is obtained, plasmid replication is stopped by transferring the cells to the nonpermissive temperature at which recombinants can be selected. The feasibility of the system is demonstrated in Escherichia coli K-12 and O157:H7.
Insertion plasmids. The pSG76 series (Fig. 1A) carries R6K ␥-ori, which requires the ⌸ protein, the product of the pir gene, for replication (13) . The plasmids are maintained in the SY327 pir lysogen (10) or in a similar host that supplies ⌸. When electroporated into a target cell that lacks ⌸, the plasmids are not able to replicate. Helper plasmids carrying the pir gene and the pSC101 ts replication system (1) were also constructed (pPIR-A and pPIR-K) (Fig. 1C) . For the conditional suicide (temporarily replicating) mode (6), the pSG76 insertion plasmids are allowed to replicate in the target cell in the presence of the helper plasmid at 30°C, typically for 5 to 9 h. Replication of the insertion plasmid is stopped by transferring the cells to 37 to 42°C where ⌸ is diluted out from the cells because the helper plasmid is unable to replicate. Following overnight incubation at 37 to 42°C, recombinants typically form large colonies or sectors of colonies while the nonrecombinants stop growing. The second set of the insertion plasmids, the pST76 series (Fig. 1B) , carries the pSC101 ts replication system itself, allowing replication at 30°C but becoming suicidal at 37 to 42°C. Two sequential insertions can be made by using insertion plasmids with different antibiotic resistance genes. The two plasmids are selected from the different sets so that they share only limited homology and recombination between vector sequences is minimized. The antibiotics ampicillin, chloramphenicol, and kanamycin were used at final concentrations of 50, 25 and 25 g/ml, respectively.
Construction of helper plasmids for creating deletions. In plasmids pFT-A and pFT-K (Fig. 1D) , the gene coding for FLP is under the control of the tetracycline repressor from Tn10 and can be induced by heat-inactivated chlortetracycline (cTc), as described earlier (11) . Briefly, a stock solution of 200 g of cTc/ml in Luria-Bertani (LB) medium is autoclaved to eliminate the antibiotic effect of cTc. For induction, a growing culture in logarithmic phase is supplemented with inducer stock solution (1/10 volume), and cells are grown for an additional time of 2 to 6 h at 30°C to allow FLP expression. Since the helper plasmid has a temperature-sensitive (ts) replication phenotype, it can be eliminated from the cells in a second step by growing the culture at 37 to 42°C.
Targeting the E. coli K-12 genome. In a model experiment, a 330-bp internal segment of the lacZ gene, described earlier (11), was cloned into the EcoRI/SmaI sites of pSG76-C. MG1655 (3) cells were electroporated with 100 ng of this nonreplicating plasmid DNA, and recombinants were selected on LB plates supplemented with chloramphenicol, isopropyl-␤-D-thiogalactopyranoside, and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal). In a typical experiment 10 to 20 colonies were obtained, and half of them were white, indicating insertional inactivation of the target gene. Overall electroporation efficiency was 10 8 /g of plasmid DNA, as shown by control experiments using pBR322 plasmid DNA. The results show that recombinants could be obtained at a frequency of ϳ10
Ϫ6
, and ϳ50% of them were properly targeted cells. When longer (800 to 900 bp) homologous fragments were used, the rate and accuracy of recombination were significantly improved (data not shown).
Targeted manipulations of the pathogenic E. coli O157:H7 genome. Enterohemorrhagic E. coli O157:H7 has recently emerged as the cause of bloody diarrhea and hemolytic uremic syndrome in large food-borne outbreaks. The strain carries an ϳ35-kb pathogenicity island (locus of enterocyte effacement [LEE] ) in the chromosome at the selC locus (8) . Several genes, associated with virulence, were located on this segment (8) . In order to obtain the full sequence of the LEE, two insertions, permitting direct isolation, were made in the flanking regions ( Fig. 2A) . Homologous fragments to be used as targets were obtained by PCR from O157:H7 DNA with primers that corresponded to the K-12 sequence (Fig. 2) . Since the electroporation efficiency of O157:H7 with the insertion plasmids was three orders of magnitude lower than that of the common laboratory strains, the plasmids were used in conditional suicide mode. First, the plasmid carrying the gene coding for Cm resistance was inserted into the genome with the aid of the helper plasmid pPIR-A. The sites of the insertions were checked by PCR (Fig. 2B) . In 8 of 10 colonies, insertions proved to be at the expected locations. One of these colonies was then targeted by the second insertion plasmid carrying the gene coding for Ap resistance. Targeted insertion was verified by PCR in three of four cases. One colony harboring the two flanking insertions was grown further, and the ϳ35-kb LEE was excised by I-SceI and isolated from a pulsed-field gel for sequencing, as previously described (2) .
To demonstrate the use of the plasmid system in deletion studies, the entire LEE was deleted in vivo. Plasmid pFT-K was electroporated into the cell carrying the two flanking insertions. FLP expression was induced by heat-inactivated cTc (20 g/ml final concentration) for 6 h at 30°C, and then cells were plated on LB-Ap r plates and grown at 42°C to eliminate the helper plasmid. Colonies were then screened for the loss of Cm resistance. It was found that 23 of 100 colonies became Cm s . Four of these colonies were analyzed by PCR (Fig. 2C) , and FLP-mediated deletion of the pathogenicity island was verified in all of them. In this experiment a segment of the inserted sequence remained in the chromosome after deletion. By appropriate design, this sequence can be minimized to a single FRT site with a few flanking nucleotides.
Plasmid rescue of the pathogenicity island and its transfer to a strain with known genetic background were also achieved. In the deletion process described above, FLP excised and circularized the LEE chromosomal segment flanked by the FRT sites ( Fig. 2A) . This large circle carried pSG76-C vector sequences; thus, it could be rescued as a plasmid and maintained in a host that supplies ⌸. To demonstrate this, a portion of the culture that was used in the deletion experiment was harvested after the induction of FLP for 6 h at 30°C. The plasmid mixture prepared from this culture contained the helper plasmid pFT-K and the large circle carrying the LEE. The preparation was electroporated into E. coli XL1-Blue MRFЈ Kan (Stratagene) carrying pPIR-A, and Cm-resistant cells were selected. The structure of the excised and rescued plasmid present in Cm r colonies was verified by PCR (Fig. 2D) . Moreover, since this plasmid carries the homologous fragments flanking the island, clones which carry the LEE integrated into the genome at the original site can be selected by turning on the suicide mode. This horizontal transfer of large genomic segments can be a valuable alternative to P1 transduction, especially in O157:H7 and other P1-resistant natural isolates.
Range of target cells. When used in direct suicide mode, the insertion plasmids can be applied to a variety of bacteria, as long as they (i) are recombination proficient, (ii) can be transformed with sufficient efficiency, and (iii) express the antibiotic resistance marker genes. For the temporarily replicating conditional suicide mode, the pSC101 replicon must be functional; thus, E. coli or a closely related host is required (1) .
Accession numbers. Nucleotide sequences of the insertion plasmids are available under the accession numbers Y09892 (pSG76-A), Y09893 (pSG76-C), Y09894 (pSG76-K), Y09895 (pST76-A), Y09896 (pST76-C), and Y09897 (pST76-K).
